1 3 set, respectively (Supplementary Figure 1) . After QC, 516,410 overlapped sites in 2,000 unrelated 2 4 1 individuals retained respectively for both populations.
4 2
It is generally accepted that genotype imputation accuracy can benefit from increasing panel size.
4 3
In this study, we validated this point in a more systematic approach. We performed 192 average accuracy of all genotyped-variants reached the highest when we used CHB and CEU between gradientized reference panels, we divided variants into five MAF bins including: 5% <= 2 5 2 MAF < 100%, 1% <= MAF < 5%, 0.5% <= MAF < 1%, 0.1% <= MAF < 0.5% and 0.025% < that the imputation quality could be improved by the haplotype size of reference panel.
5 8
The average EmpR 2 results of comparing the Han Chinese imputation and European imputation showed that the European population could be more accurately imputed when the corresponding 2 6 0 population reference panel was used (increasing from 0.82 to 0.87 for Han GWAS and CHB, and from 0.91 to 0.95 for European GWAS and CEU while haplotype size increased from 50 to 170).
6 2
The same pattern was also showed in heat map, that European GWAS imputation using 2 6 3 reference panels from EUR were much redder than Han GWAS imputation using reference 2 6 4 panels from EAS ( Figure 3 ).
6 5
Imputation accuracy versus population diversity of panel 2 6 6 In this part, we constructed 126 "diversity" reference panels using the five population groups of 2 6 7 the 1000G (Supplementary Table 2 ), and performed 252 imputations in total. The size of each from minimum degree to maximum degree (level 0 to level 5 ). We further divided imputed variants into 5 MAF bins, as shown in Figure 4a and 4b, the imputation accuracy of variants with 2 7 2 MAF >= 0.5% showed the decreasing trend when diversity degree raised. However, for the rare variant imputation (MAF < 0.5%) in Han Chinese population, the accuracy increased when the 2 7 4 diversity degree raised from level 0 to level 1 . These results suggested that, when the haplotype size was fixed, the more that a reference panel specific to the study population, the more accurately
that it could impute for common variants and low-frequency variants. But for rare variants (MAF 2 7 7 < 0.5%), a little diverse fraction of population of reference panel could benefit the imputation
accuracy.
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Imputation accuracy versus size and diversity of panel
We knew that the haplotypes size and populations diversity of reference panel were two crucial accuracy. For Han Chinese, the overall accuracy had an improvement at the beginning and
reached the highest when panel's samples increased 3 step-size (27 individuals) with 21% 2 9 1 population diversity introduced (Figure 5a ). After that, the imputation accuracy continually decreased with diverse populations raised, but still higher than initial panel (0-step panel). However, for the European, the imputation accuracy showed a constantly increased trend from 2 9 4 step one to the end with the sample size and diversity grew, the increases from the first step was 2 9 5 most obviously ( Figure 5a ). This result suggested that the positive effect of sample-size-
expanding on imputation accuracy was not large enough to neutralize the negative effect of the 2 9 7
panel diversity which introduced for Han Chinese after the diversity rare over 21%. But it could 2 9 8 offset the negative effect for European and improve the imputation accuracy, which meant that 2 9 9
the imputation accuracy for European population could always benefit from the larger panel.
In the divided MAF bins of imputed-variants, the results showed the more detailed changes mode.
The imputation accuracy increased rapidly when the diverse population were introduced at the 3 0 2 beginning for both populations, and then slowly decreased for the variants of Han Chinese reach its highest accuracy, the diversity rate was increased when the variants got more and more could be more accurately imputed than the Han Chinese.
Based on the design of this part, we developed a panel re-construction tool for researchers to
investigate the imputation accuracy in other populations of 1000G. User can set their own study
population, diverse populations, step size and adding times in an easily way, and customize a 3 1 3 series reference panel. This tool/package could be downloaded now from GitHub, and the details Imputation evaluation for the 1000G and HRC and CONVERGE panels 3 1 7
Before actual imputation, the SNPs overlapping between three panels and distribution with seven Previous efforts have been focused on imputation evaluation for different populations, such as
African, Chinese and Southeast Asian, by using publicly available reference panel [7, 8, 29] ,
despite all these efforts, most studies have been conducted in a relatively shallow way because of the tremendous pressure to the computation server, and the main purpose of these studies were to investigated how the factors affect the accuracy. Huang and Li's study designed a series of size-
unfixed reference panels using 210 HapMap samples which consist of four populations, and
concluded that a mixed panel could lead to the maximal imputation accuracy for a particular
population as its primary component was the same HapMap reference panel [19] . Their works importance of size and composition of the reference panel, but was not detailed enough for a 4 0 0 systemic study on imputation accuracy of rare variants. The genotype imputation required a high 4 0 1 computing power, and the large-scale imputation study was mostly hindered by this requirement.
0 2
In this study, we randomly selected 2,000 unrelated individuals for the Han Chinese and the 4 0 3
European GWAS set, respectively. Actually, the GWAS set sample size would linearly increase Hardy-Weinberg equilibrium and high inbreeding coefficient etc), we checked our GWAS data believed that the GWAS data with a high quality could leads to the results with a high accuracy.
Note that our European GWAS data had been QCed before, the variants with MAF < 0.5% had
been removed, which meant that the imputation performance on rare variants of European
population were not available. However, we included all variants in Han Chinese GWAS data,
even for singletons. The common variants can be accurately imputed by any existing big
reference panel, such as the 1000G and the HRC panel. We used the rare variants set in Han
Chinese to study the genotyping imputation accuracy changes patterns with different composition
of reference panels.
All the customized reference panels in this study were based on the 1000G Phase 3, there were 4 2 1 two popular versions for the 1000G panel, one included singletons and another did not. We found 4 2 2 that the Sanger Imputation Server used singleton-included version and the Michigan Imputation
Server used non-singleton version. We investigated the imputation performance of these two Table 3) . After all, we decided to use the
non-singleton version and were consistent with Michigan server since the imputation tool that we 4 2 7
employed were both Minimac3. The customized reference panels fell into three categories: 1)
haplotype size changed and the population diversity ratio was fixed. 2) Population diversity 4 2 9 degree changed and the haplotype size was fixed. 3) Both of them changed with a fixed step-size,
note that the increased diversity ratio became more and more small because the panel size got 4 3 1 more and more large. In the design of our second category panels, we made a simple cluster but it was far more close to the AMR group geographically, so we reclassified this population
into the AMR group. But in reality, it will not make a nontrivial difference in our study, because
our GWAS set were Han Chinese and European population, the 'ACB' was always diverse to our There was a phenomenon that crossed all the imputation results, which is that the imputation as well (Figure 2c and 2d) . Another reason might cause the gap was the microarray chip, the two
GWAS sets used the Illumina 610k BeadChips which was designed for the European population
at the beginning. was that, despite the introduced diversity, the accuracy of imputed common variants of European was more diverse. In the course of evolution, the view of intermarriage of Chinese was more 4 6 5 conservative than European [38, 39] . And an open intermarriage view may result in the genome 4 6 6 became more and more diverse across generations.
6 7
In the last decade, many cohort studies and WGS projects have been conducted, and several 4 6 8 genome reference panels were produced. However, most of the these cohorts and reference panels could be generalized to the other populations with conservative genome. collection and analysis, decision to publish or preparation of the manuscript. We thank the peer reviewers for their thorough and helpful review of this manuscript. The Number of imputed variants of these reference panels for (a) Han Chinese and (b) European (a) Imputation accuracy for the Han Chinese using four different reference panels. Only the mean EmpR 2 of low-frequency and rare variants were plotted, and the variants were divided into 4 MAF bins. d imputation were performed in local server, and the HRC-based imputation was performed in Michigan Imputation Server. The 1000G Phase3 reference panel we used was the chigan imputation server, and the both servers employed Minimac3 as the impute engine. N means the imputed sites number, and we defined the imputed variants with R 2 more -Quad (610K) BeadChip, the imputation accuracy was measured by EmpR 2 (Empirical-R2, see methods).
